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We investigate he influence of pion polarisation effects in the Dirac-Brueckner approach. The pion polarisation is included 
preserving the self-consistency of the DB approach. Results for single-particle properties, equation of state, and total effective 
cross ections in symmetric nuclear matter are presented. Also, we calculated the pion condensation threshold. 
The properties of symmetric and asymmetric nu- 
clear matter can be calculated in a relativistic many- 
body framework as offered by the Dirac-Brueckner 
approach [1,2]. The virtue of this particular ap- 
proach is that it reproduces these properties, like sat- 
uration, compressibi l ity and asymmetry energy in a 
very satisfactory way. The basic ingredients are a nu- 
cleon-nucleon interaction of the one-boson-ex- 
change (OBE) type and a relativistic procedure to 
dress the nucleons in a nuclear medium as a conse- 
quence of effective two-nucleon interactions. 
The extension we want to address in this letter is 
the influence of the nuclear medium on the ex- 
changed mesons, in particular the pion. As is well 
known the pion propagator in a nuclear medium dif- 
fers from the propagator in the vacuum. As a conse- 
quence the irreducible two-nucleon interaction itself 
is changed because of  the exchange of  a dressed pion. 
This may lead to a significant change of a number of 
fundamental quantities like the nucleon-nucleon 
collision rate in a nuclear medium [ 3,4 ]. For densi- 
ties larger than a certain critical density the modifi- 
cation of the pion may be so strong that a pion con- 
densate is formed [5-7] .  For asymmetric nuclear 
matter even an undressed pion of mass rn~ will give 
rise to pion condensation for certain asymmetries and 
densities when the difference of the neutron and pro- 
ton chemical potentials exceed the pion mass 
/ tn-  ~tp > m~ [ 8 ]. All these phenomena, connected to 
the dressing of the pion, have been studied for many 
years. However, within a particular approach it has 
never been shown that pion condensation i deed oc- 
curs while all other properties of  nuclear matter like 
saturation are still reproduced. We will present first 
results for symmetric nuclear matter within the 
Dirac-Brueckner (DB) framework. For more details 
on the DB method we refer to the existing l iterature 
(for a review see ref. [ 9 ] and references therein).  
The effective pion propagator, which we denote as 
D(k) with k= (~o, k) is the solution o fa  Dyson equa- 
tion where H(k)  is the proper polarization insertion 
due to the nuclear medium, which in our case is a 
scalar 
D(k) = [k2 -m 2- I I (k )  +ie]  -~ ( 1 ) 
For a certain density, it may become possible that the 
pion propagator D(k) exhibits a pole at oJ=0, i.e., a 
particle-like xcitation can exist with zero energy. 
When this occurs it becomes energetically favourable 
for the system to create part ic le-hole excitations with 
pion quantum numbers. This pion condensation and 
its consequences have been discussed by many au- 
thors [ 5-7 ]. 
We start by calculating the first-order contribution 
to H (bubble diagrams) and include the higher-order 
effects due to the part ic le-hole interaction as out- 
lined in ref. [ 10 ]. In the Dirac-Brueckner approach 
for nuclear matter only positive-energy solutions are 
included for the dressed nucleons which results in the 
absence of ( infinite) vacuum polarisations. Also, no 
meson-retardation effects appear in the one-boson- 
exchange interaction due to the use of a particular 
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three-dimensional re ativistic reduction of the Bethe- 
Salpeter equation for the nucleon-nucleon i terac- 
tion. Therefore we only have to calculate H(co, k) at 
co = 0. The first-order polarisation has two contribu- 
tions: the nucleon-nucleon particle-hole contribu- 
tion • ,rt~)NN and the nucleon-delta (A) particle-hole 
r t~) The corresponding contribution denoted as ,,Na. 
vertices FNN and FNA, the values of the coupling con- 
stants, the form factors and the cut-off parameters 
were determined in ref. [2]. The values of the con- 
stants were fixed by a careful analysis of nucleon-nu- 
cleon elastic and inelastic data, pion production up 
to 1 GeV laboratory energy and including the correct 
nN resonant behaviour (P33 phase shift and inelas- 
ticity). For the nNN vertex we have a pseudo-vector 
coupling (g~= 13.34( - ), A 2 = 1.3 (GeV 2) ) 
( A2 "~ y5 7"kn (2) 
FNN =g~ \A 2 _kZj 2mN ' 
and the nNA vertex is given as ( f~=2.09( - - ) ,  
A~ =0.83 (GeV 2) ) 
r,, = fA~ k , , .  (3) 
m~ 
For the Lindhard function corresponding to the 
H(~ contribution we find NN 
d 4 
H~l~(k) =i f (~n~ 4 Tr[GN(p)FNNGN(p+k)FNN], 
(4) 
with GN (p) the full dressed nucleon propagator 




where kF is the Fermi momentum (the trace is also 
taken over the suppressed isospin indices). The 
quantities labeled with an asterisk (*) denote dressed 
quantities, i.e. modified by the medium interactions 
as prescribed in the self-consistent Dirac-Brueckner 
prescription. Here one calculates the nucleon self-en- 
ergy X(k)=Zdk)+y°-ro(k ) with scalar (Z~) and 
vector (27o) components. We have neglected the small 
cartesian vector contribution Z~(k). It is understood 
that a self-consistent Dirac-Brueckner calculation of 
the fields X~ and Zo has been performed including the 
effects of the pion polarisation. Thus the resulting 
fields X~ and 27o are different from the ones used be- 
fore [ 2 ] since now the dressed pion propagator based 
on the full H has been taken into account. 
The dressed quantities appearing in ( 5 ) are the ef- 
fective mass m;~, the effective energy E ;  and mo- 
mentum p~*. They are given as 
m~=mN÷Xs,  E~=(pZ+m~2) '/2, 
Pl*, =Pu + 6ouZ'0. (6) 
The expression (5) for rt~,~ "'NN can be worked out to 
give (we recall that for the present purpose we have 
set ~=0) :  
Re H~t)(k) 
2 2 
m2 \A2N+k2j f d3p O(kF--lp[) 
~p~- j .  (7) 
The Lindhard function corresponding to the H~-  
contribution is given by: 
( d4p  ~,  
H~ (k )= i  j ~ ~rIG~"(p)F~GN(p+k)F~,], 
(8) 
with GN again the full dressed nucleon propagator (5) 
and for the delta propagator G~ ~ in the Rarita- 
Schwinger representation [ 2 ] we have taken the pos- 
itive-energy part only: 
2(p~p,)~ G~"= -gl'"+~yuT"- P~'7"-P"7 ~' + 
3ma 3m 2 J 
1 1 
× - -  (9) A 2x 2Ep Po - -  Ep "t- ie" 
The expression (8) can be reduced to the form 
Rel I "~(k)  = 4f2 ( a2 ~4 
3 m~ \A~+k2J 
f d3p Yr[p,p+k] O(kf-[p]) 
X (2g) 3 A * * A , (10) Ep+kEp Ep-XO-Zp+k 
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4(  [k ' (p+k) ]  2) 
Tr[p,p+k]=-~ -k2+ mE 
× (m *2-.SoE~, + m,,m*-p.k). ( 10 cont'd) 
Note that we have treated the A as an elementary sta- 
ble particle (rna= 1.23 GeV/c 2, Fa=0) .  At present 
this is a minor approximation aswe have checked ex- 
plicitly. Both ,~'~Nr~ ~) and ,,rr~)Nz~ have zero imaginary 
parts and reduce to the non-relativistic expressions 
as used in ref. [ 10 ] except for the form factors. The 
choice of the form factors at the interaction vertices 
influences the values of the polarisation consider- 
ably. In particular the dipole form factor on the nNA 
vertex reduces HN6 as compared to the conventional 
monopole form factor for instance used by e.g. Dick- 
hoff et al. [ 10 ]. The justification of the dipole form 
factor in the Dirac-Brueckner approach is that it is 
needed to render the high momentum contributions 
finite [ 2 ]. As we already mentioned, all free param- 
eters and thus implicitly the choice of the form factor 
were fitted to NN data up to 1 GeV. Also the high- 
momentum behaviour at the vertices is different in 
the non-relativistic case as compared to the relativ- 
istic one. Both these considerations are taken into ac- 
count in the choice of the form factor. 
To include higher-order effects in Hone has to in- 
corporate the particle-hole interactions, which we 
denote as H(k). The full polarisation can then be 
written as 
H(k ) =H{l) (k) -I-H{')(k )H(k )H(k ). ( 11 ) 
Commonly the particle-hole interaction H(k) is 
written as g~j(tr~ "~2 )(lr~ .lr2 )/k 2. The indices ij in- 
dicate that the particle-hole interaction couples, in 
principle, differently to ,,rr~NNt ) and ~,rr~N~) • The evalua- 
tion ofg~j is an intricate business and yet not settled. 
The most elaborated approach (although in a non- 
relativistic model) is found in ref. [11]. However, 
no results for the equation of state are given, so we 
do not know if the calculation produces aturation at 
all. The effective mass shows a peculiar density de- 
pendence which we do not find. It is obtained by 
means of the Landau definition. This can only be jus- 
tified if the model for the calculation fulfills certain 
criteria, i.e. there exists a specific functional relation- 
ship between the total energy, single-particle energy 
and effective two-particle interaction. The use of the 
Brueckner G-matrix as the residual interaction in the 
treatment of pion polarisation does not obey these 
criteria. In a relativistic approach ref. [ 12 ] finds val- 
ues of g' that are similar to non-relativistic ones. In 
this calculation only the first part of the self-consis- 
tent Dirac-Brueckner quations is used. Their OBE 
interaction (HEA potential) contains pseudo-scalar 
pion-exchange whereas we use pseudo-vector. A full 
self-consistent insertion of pion polarisations should 
also take self-consistency effects on g~j into account. 
Clearly this is a tremendous task. In order to simplify 
the model we take g~j equal and constant. This does 
no right to a possible density dependence of, or dif- 
ference (although one can always define an averaged 
g'av, as is done in ref. [ 10] ) in g~/. With this we can 
write the proper self-energy H(k) in ( 11 ) as: 
H(k)=~n~'~+H~2) l [1 - (g ' l k2) (H~'~-  r" '~)] , t~t  NA . ~**NN 
(12) 
In the literature [6,10,12-14 ] one finds theoretical 
values for g~j ranging from 0.4 to 0.6, the experimen- 
tal value is found to be between 0.6 and 0.7. Moti- 
vated by the indications for additional screening upon 
inclusion of the induced interaction [ 11 ] we choose 
g'av conservatively and set it equal to 0.6. Since the 
dependence of the calculated quantities on g' turns 
out to be rather weak in the range 0.5<g' <0.7, we 
think this simplification does not affect the general 
trends we observe. (For g' = 0.5, respectively g'= 0.7, 
we find a shift compared to the values of Eb in table 
1 of +0.3, -0 .3  MeV at kr=0.21 and +3, -1  at 
kr= 0.35. ) The insertion of the result (12) into the 
expression ( 1 ) for the dressed pion propagator fin- 
alises our treatment of medium effects on the pion. 
The effective, in-medium, interactions between u- 
cleons as described by the Dirac-Brueckner G-ma- 
trix now contains, self-consistently, the exchange of 
dressed pions. 
However, simply replacing all pion propagators by 
effective pion propagators as is done in ref. [ 15 ], is 
incorrect. In the evaluation of the nucleon self-energy 
we should be careful to avoid double countings. These 
originate from the fact that we obtain the self-energy 
(a two-point function) by closing the four-point G- 
matrix with a hole line. A closer examination reveals 
that the problem arises from the second-order "di- 
rect" (Hartree)diagram (fig. la) and the first-order 
"exchange" (Fock} diagram (fig. ld). Figs. lb and 
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Table 1 
Single-particle values at the Fermi surface and the binding energy, including pion polarizations 
as expressed by the Fermi momentum kt~ 
13 April 1989 
(g'= 0.6 ), versus nuclear matter density 
kr m ~JB m DB+POL* V'SDB + POL ~V'OB0 + POL '~V" ~) B + POL Eb DB + POL 
(GeV/c) (GeV/c2) (GeV) (GeV) (GeV) (MeV) 
0.20 0.744 0.733 -0.219 -0.169 -0.020 - 11.2 
0.22 0.695 0.679 -0.272 -0.214 -0.017 - 12.3 
0.24 0.643 0.621 - 0.333 - 0.266 - 0.022 - 13.4 
0.26 0.588 0.565 - 0.394 - 0.319 - 0.033 - 14.4 
0.28 0.530 0.510 -0.454 -0.372 -0.046 - 15.0 
0.34 0.376 0.365 -0.616 -0.549 -0.103 -4.7 





Fig. 1. Various contributions to the nucleon self-energy when this 
is calculated with the Brueckner G-matrix including pion polari- 
zations. Awiggly line stands for a bare pion propagator, a double 
wiggly line for a full pion propagator. 
1 c show first-order self-energy insertions in, respec- 
tively, the left and right pion propagator. They are 
topological the same, but are both included in fig. 1 a. 
Also fig. le, stemming from fig. ld by putting in the 
first-order self-energy in the pion propagator, is in- 
cluded in fig. l a. We solved this double-counting 
problem by subtracting from the Dirac-Brueckner G-
matrix the appropriate diagrams. This defined a 
modified G-matrix, denoted G', from which the nu- 
cleon self-energy X can be calculated without double 
countings. In any case, if one wants to calculate four- 
point observables the full G-matrix instead of G' has 
to be used. This implies that certain ( important) 
diagrams do not contribute in the same way whether 
used in four-point observables (like effective nu- 
cleon-nucleon collision rates) as compared to two- 
point observables (like the self-energy or nucleon 
single-particle energy). 
The pion dispersion relation o )2(k )=m2+ 
k2+ Re H(k)  exhibits the usual behaviour as a func- 
tion of density. At sufficient high densities and at low 
momenta k we have the free pion spectrum and for 
momenta equal 2-3 m~ the pisobar branch is domi- 
nant [4,13]. We also calculated the pion condensa- 
tion threshold as a function of the particle-hole in- 
teraction strength g'. The result is displayed in fig.2, 
for comparison a typical non-relativistic result [ 16 ] 
is also represented. In comparing our result with that 
of ref. [ 16 ] one may argue that the values of the ef- 
fective masses are entirely different. However, it 
should be realised that the m* values quoted in tables 
1 and 2 are the relativistic effective masses which are 
defined differently. To obtain the corresponding 
"non-relativistic" values one should consider 
(m*2 + k 2 ) ~/2, which is then not so different. For rea- 
sonable values ofg' we find pion condensation not to 
appear below three times normal nuclear matter den- 
sity. The difference with the non-relativistic result is 
mainly due to two effects that reduce the polarisa- 
tion: (a) the dipole form factor on the r~NA vertex 
and (b) the self-consistent effective mass, which de- 
creases with density. 
We calculated the equation of state (EOS) for 
g' =0.6, the result is shown in fig. 3 and the single- 
particle values are given in table 1. We observe that, 
while the self-energy and effective mass differ in the 
order of a few tens of MeV from the earlier DBHF 
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g' 
Fig. 2. The pion-condensation threshold as a function of the par- 
ticle-hole interaction strength g'. The dashed line is the non-re- 






Binding Energy /nucteon  
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Kf 
Fig. 3. Binding energy per nucleon versus Fermi momentum. The 
full line is the DBHF result of ref. [ 2] not including pion polar- 
isation. The dashed line is the result with pion polarizations and 
g' = 0.6. The empirical saturation point is also indicated. 
results without pion polarisation [2], the shift in 
binding energy is small: about 1 MeV at saturation, 
towards the empirical saturation point. The EOS is 
slightly softened, the compression modulus is around 
220 MeV. Also we do not observe a dramatic behav- 
iour of the EOS as we approach the pion condensa- 
tion threshold, although we were not able to calculate 
too close to the threshold. The dependence of the 
binding energy on the particle-hole interaction 
strength g' is rather unexpected. As we decrease g',  
the pion interaction is enhanced and one would ex- 
pect more binding, since the pion is an attractive me- 
son. It turns out that decreasing g' causes a decrease 
of the binding energy. The effective mass, however, 
decreases so it may very well be possible that this ef- 
fect is due to a further "quenching" of  the (attrac- 
tive) scalar part of the interaction mechanism as in- 
dicated in ref. [2]. Also the attractive term in the 
second-order pion exchange diagram is reduced by a 
smaller effective mass. 
To demonstrate he behaviour of four-point quan- 
tities upon insertion of the pion polarisation we also 
calculated nn and np total effective cross sections in 
the same way as discussed in ref. [ 17 ]. Note that we 
did not include A-particle intermediate states in the 
G-matrix, so the model does not reproduce accu- 
rately NN-phase shifts for PLAB> 0.85. For the NN 
cross sections however, this leads only to minor dif- 
ferences. The results are displayed in table 2. We see 
that these are greatly increased, by a factor ~ 2 (app) 
to ~ 4 (O'Np) compared to the DBHF results without 
pion polarisation [ 17 ]. The latter were found to be 
smaller (by a factor 2-3 depending on the density and 
momentum) than the free ones [ 17 ]. Therefore we 
find a net increase of a factor 1-2 as compared to the 
free cross sections. 
We think an explanation of the drastic change in 
the cross sections as compared to the moderate shifts 
in the self-energy can be found in the following. First 
we remind that the self-energy is a function of G, 
whereas the cross sections go by [ G I 2. The total effec- 
tive cross sections calculated in the Born approxi- 
mation with the one boson exchange interaction show 
already an increase by a factor ~I.5(O'NN ) and 
~ 2.5 (ahp), compared to the result with no pion po- 
larisations included. The G-matrix elements domi- 
nated by one-pion exchange increase by a factor 1-3. 
However, the contribution of these matrix elements 
to the nucleon self-energy is in the order of a few tens 
of MeV. But this is to be compared with the total self- 
energy, typically in the order of a few hundred MeV. 
Also we have calculated values for the "mean field" 
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Table 2 
Values of the single-particle interaction and effective isospin averaged total cross sections, including pion polarizations (g' = 0.6 ). For 
comparison the DB values and free cross sections of ref. [ 17 ] are also given. 
p kr m* PLAa X~ (GeV) So (OeV) Re UDB+VOL Re UDB O'DB+POL O'DB O'FREE 
(GeV/c) (GeV/c 2) (GeV/c) (MeV) (MeV) (mb) (mb) (mb) 
Re Im Re Im 
½Po 0.21 0.708 0.38 -0.274 0.012 -0.236 0.022 -15  -33  162 61.0 83.3 
0.46 -0.249 -0.026 -0.208 -0.019 -12  -26  108 35.0 56.8 
0.65 -0.175 -0.007 -0.131 -0.003 -9  -15  68.7 20.9 33.3 
0.85 -0.151 0.023 -0,105 0.019 -4  -7  48.9 18.7 24.7 
1.25 -0.153 0.045 -0.094 0.032 6 4 32.5 18.5 18.5 
1.65 -0.152 0.050 -0.087 0.032 16 14 26.3 20.1 18.1 
Po 0.27 0.537 0.38 -0.404 -0.002 -0.329 0.009 -33  -48  147 34.7 88.5 
0.46 -0.391 0.000 -0.321 0.006 - 17 -38  95.4 24.4 58.8 
0.65 -0.316 -0.007 -0.240 -0.007 -6  -18  55.3 17.7 33.6 
0.85 -0.270 0.030 -0.191 0.024 5 -2  44.3 17.1 24.8 
1.25 -0.254 0.078 -0.164 0.054 23 16 33.2 17.6 18.6 
1.65 -0.257 0.097 -0.156 0.062 40 35 32.1 20.3 18.1 
2p0 0.335 0.378 0.38 -0.592 0.004 -0.515 0.006 -5  -4  70.3 22.1 99.1 
0.46 -0.561 0.009 -0.482 0.012 8 1 60.7 20.8 63.2 
0.65 -0.497 0.028 -0,407 0.031 33 22 43.5 20.0 34.0 
0.85 -0.443 0.055 -0.340 0.054 51 38 36.3 21.6 24.9 
1.25 -0.401 0.108 -0.290 0.094 82 72 32.1 24.0 18.9 
1.65 -0.393 0.137 -0.276 0.110 106 101 30.5 25.8 18.5 
2.5po 0.365 0.301 0.38 -0.677 0.000 -0.653 0.000 65 66 69.1 25.9 103 
0.46 -0.637 0.003 -0.597 0.010 68 63 61.9 24.1 65.8 
0.65 -0.560 0.030 -0.501 0.050 87 80 48.7 24.9 34.3 
0.85 -0.502 0.057 -0.423 0.072 102 101 39.2 24.5 24.9 
1.25 -0.447 0.109 -0.354 0.117 134 141 33.8 25.9 18.9 
which we denote as Re U, and which is obtained as 
the difference of the single-particle energy and the free 
energy: 
Re U= [k2( l+X v )2+(mN+2?)z ]  1/2 
_,So_ (k2 +m 2) ~/2, (13) 
where only the real parts of,S(k) are included. From 
the values quoted in table 2 one finds small differ- 
ences with the DB results [ 17 ]. 
In conclusion, we presented a self-consistent inclu- 
sion of pion self-energy contributions (pion polaris- 
ations) in the DBHF model, avoiding double count- 
ings. This resulted in a small shift (~  1 MeV at 
saturation) of the EOS towards the empirical satu- 
ration point. Also we calculated effective cross sec- 
tions, these increased up to a factor five compared to 
the earlier DBHF results. Compared to the free cross 
sections the enhancement is of the order of 1-2. This 
490 
might introduce interesting effects in nucleus-nu- 
cleus collisions such as the sideward flow in relativ- 
istic heavy ion collisions [ 18 ]. 
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